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1 . INTRODUCTION
Injection covers the final stage of transfer of beam from one accelerator to another, either
from a linear to a circular machine or from one circular machine to another.  The design aims
are to achieve the transfer with little beam loss and with a minimum or a defined dilution of the
beam emittances.
Single-turn injection schemes are relatively straightforward; beam is injected onto a central
orbit via a septum unit and a fast kicker element, with appropriate matching arranged in the
transverse and longitudinal planes.  There should be no beam loss and very little emittance
dilution, only that associated with transfer errors.  For the longitudinal plane, the momentum
spread (D p/p) and phase (D f ) parameters of the incoming bunch must be matched to those of
the partial 'bucket' defined by the radio frequency fields of the ring.  Successful single-turn
injection requires that:
i) the stray field of the septum unit is at an acceptable level,
ii) the kicker field is reduced to zero in a time less than a defined fraction of the revolution
period and,
iii) the RF system is capable of containing the transient beam loading introduced at the instant
of injection.
Multi-turn injection involves more complex processes and is significantly different for
electron accelerators than for proton or heavy-ion machines.  The electron rings are often able to
take advantage of radiation damping effects to increase the brightness of the resulting beam.
Proton and heavy-ion machines generally operate at a beam brightness that is set by space-
charge effects.  The final particle distributions are very different in the two cases.  The electron
beams reach a near equilibrium state where there are Gaussian particle distributions in both
transverse and longitudinal planes.  The proton and heavy-ion distributions are functions of the
details of the multi-turn process and of the space-charge levels achieved.  In recent years,
proton machines have utilised a type of multi-turn scheme known as charge-exchange injection.
An injector linac accelerates H- particles which are subsequently stripped to protons in the ring
to be filled.  This allows considerable flexibility in the injection process; below the space-charge
limit, the beam brightness may be increased by large factors, while at the space-charge limit
there is better control of the final beam distributions.
The hardware needed for multi-turn injection is not great1y different from that for single-
turn injection but the role of the fast kicker element is replaced by that of programmed orbit
bump magnets.  The particular case of charge exchange injection also requires the provision of
micron or sub-micron stripping foils.
Historically, multi-turn injection first occurred [1] in weak-focusing synchrotrons, with
filling of the horizontal betatron acceptance of the ring.  Subsequently, energy-ramping systems
were included in the injection beam line to allow simultaneous filling of the longitudinal
acceptance.  Most alternating-gradient machines have used multi-turn injection in the horizontal
betatron plane alone;  injection in both the horizontal and vertical planes has often been
discussed but never utilised in practice except recently in the charge-exchange injection
schemes.
Finally, mention should be rnade of some novel injection schemes:
i) the resonant injection scheme into the Argonne zero-gradient synchrotron [2],
ii) the radio-frequency stacking schemes of the MURA machines [3] and subsequently the
ISR,
iii) the pion-decay scheme for injecting into muon storage rings [4] and
iv) the combined cooling and stacking process for the antiproton accumulator ring at CERN
[5].
2 . SINGLE-TURN INJECTION
The first requirement for the injected beam is that it be matched at the entry point to the
ring.  This means that, at the exit from the septum unit, the betatron and dispersion function,
βy ,  α y ,  βx ,  α x ,  Dx ,  Dx' ,  Dy   and   Dy'  ,
must be identical with the machine lattice parameters at that point.  Also the phase-space
contours containing defined percentages of beam must approximate the elliptical contours in
transverse phase space given by:
y2 + α yy + βyy'( )2 = βyε y (1)
x2 + α x x + βx x'( )2 = βxε x (2)
where piε y , piε x  are un-normalised emittance values.  Similar contours exist in longitudinal
space but are somewhat more complex as the synchrotron motion is non-linear.
For horizontal, single-turn injection, the centre of the injected beam must be at a distance
x from the centre of the machine aperture at the exit of the septum, where:











 + xco + xs (3)
where piεi  and piε x  are the un-normalised horizontal emittances in the injected beam line and
the ring respectively,
∆p / p( )i  and ∆p / p( )x  are the momentum spread of the beam in the injection line and the ring
respectively,
xco is an allowance for closed-orbit deviations and clearances and
xs  is the effective thickness of the septum unit.














 i  due to subsequent adjustments of the radio-frequency fields.
Horizontal single-turn injection is shown schematically in Fig. 1.  It is assumed that the
fast kicker is located at a point downstream from the septum unit with a phase shift of the
horizontal betatron motion, µ x  , between the two positions.  The injected beam must move to
the centre of the aperture by the time it reaches the kicker and, for this to occur, the input beam
divergence at the exit of the septum is required to be:
x' = − α x +  cot µ x( )x / βx (4)
The angular deflection that the kicker must then impart to the beam for it to move
subsequently on the central equilibrium orbit is:
θ = x / βxβx  sin µ x (5)
where βx  is the horizontal b -function at the kicker position.
From (5) it may be seen that a high value of βx  is advantageous to reduce the kick angle.
Also, a high value of βx  helps in reducing the relative contribution to q  due to the septum
thickness.
For injection into a FODO lattice, as shown in Fig. 1, the septum and kicker units are
placed just downstream of the F quadrupoles, with the kicker one cell downstream from the
septum.  βx  and βx  are nearly equal to the maximum βx  value of the cell and α x  is positive.
In the particular case when the phase shift per cell is p /2:
µ x = pi / 2
x' = −α x x / βx
θ = x / βxβx (6)
Septum units may be dc septum magnets or dc electrostatic wire septa.  Magnetic septa are
the more rugged but electrostatic septa are used when it is necessary to reduce the fast kicker
requirements.  The components between the septum and kicker must have an adequate aperture
for the transit of the incoming beam.  If the injection energy is relatively low, it is important that
there be adequate shielding of the beam from the septum leakage field.  The sources of this
stray (fringing) field for a magnetic septum are the magnetomotive loss field from the yoke, the
gap between the yoke and the septum, the gaps between the septum turns and, finally, the
cooling channels in the septum conductors.  Techniques used to reduce the leakage field include
the use of a mild steel vacuum chamber for the region between the septum conductors and the
beam, the use of septum magnet field clamps and the use of powered anti-reluctance field
windings.
Fast kicker magnets require to be switched off in times typically of 50 to 150 ns.  The
kickers are powered from pulse-forming networks which are charged in the off-time of the
machine cycle and rapidly discharged via thyratron switches when needed.  The rise and fall
times of the pulse are functions of the thyratron characteristics and the kicker design.
Originally, the kickers have been built in the form of lumped delay lines which are then
terminated by the characteristic impedance of the line.  This is adequate unless undesirable beam
coupling impedances are introduced above the cut-off frequency of the line.  For a high
intensity machine it is simpler to use a lumped kicker element fed via high-voltage cables,
terminated suitably at the end of the line as sketched in Fig. 2.  Typical voltage and current
levels during the pulse are 40 to 80 kV and 2000 to 5000 A, with magnetic field levels 250 to
500 gauss.  Frequently it is necessary to use ferrites to contain the field and the usual material is
a nickel-zinc ferrite.  If the ferrites are contained within the vacuum chamber of the machine, the
out-gassing properties must be acceptable.  The density of the ferrite must be such that its water
absorbent characteristics are not too high and care is needed in the grinding process that no
undesirable lubricants are used.  Sometimes a ceramic vacuum chamber is inserted between the
ferrite and the beam, with a thin conducting layer deposited on the inner wall of the ceramic.
Fig. 1  Single-turn injection Fig. 2  Injection fast kicker pulser
The beam coupling impedance of this arrangement must be checked because of possible high
frequency modes in the ceramic layer.
Septum and kicker magnets are generally much simpler to design for single-turn injection
systems than for fast-extraction systems.  More details of these components will thus be given
in the discussion on extraction.
3 . MULTI-TURN INJECTION
In the early weak-focusing proton synchrotrons, injection involved a filling of the
horizontal betatron acceptance with a large number of injected turns.  The injection efficiency
tended to be low with the beam loss mainly on the back of the septum.  In time, injector beam
currents improved and the subsequent development of strong-focusing proton rings has
generally been with a relatively small number of injected turns, less than ten.
Conventional multi-turn injection employs an input septum unit with a programmed orbit
bump in the vicinity of the septum.  The horizontal plane is favoured because the horizontal
acceptance is larger than the vertical acceptance in a conventional magnet ring.  A different
technique is employed for electrons and positrons than for protons or heavier particles.
Electrons are at a sufficient energy that space-charge forces are insignificant.  A single
turn is first injected via the septum magnet after which the local orbit bump is collapsed slowly
over a number of revolution periods.  Radiation damping effects in the ring lead to a damping
of the betatron and synchrotron oscillations and use is usually made of the damping of the
horizontal betatron motion.  After a few damping times, the beam bump is re-energized and a
second beam pulse is injected.  The sequence is repeated until a sufficient circulating intensity is
obtained.  Filling times for electrons are short but positron sources are not so intense and then
longer filling times are required.  Sometimes it is necessary to introduce special wiggler
magnets in the ring to reduce the damping time and allow more frequent fillings.  The orbit
bump moves the stored beam radially to approach the septum but it must not be so close that the
tails of the betatron distribution are removed by the septum.  Injection into synchrotron space is
also possible and has been used in the e±  storage rings at Novosibirsk but it is not so common.
In the case of protons or heavy ions, the orbit bump is reduced with time so that the early
beam occupies the central region of the horizontal acceptance and the later beam the periphery of
the acceptance.  At the end of injection the beam bump is reduced to zero.  Because of the finite
thickness of the septum and the elliptical phase-space contours of the injected beam, there must
result some emittance dilution.  If the injector emittance is piεi  and the number of injected turns
is n, the resulting emittance in the ring, even in the absence of transverse space charge, is:
piε x > 1.5pinεi  . (7)
The extent of the dilution depends on the level of transverse space-charge forces, as does
the dilution in the orthogona1 plane.  For small space-charge forces there should be no
reduction in the vertical phase-space density provided that the beam is correctly matched and
there are no error fields in the ring that lead to horizontal-vertical coupling.  At space-charge
levels approaching an incoherent tune shift, ∆Qy , of 0.2, there are appreciable non-linear
forces and some beam loss results as the machine aperture intercepts the halo that develops.
The usual operating procedure is to adjust the waveform of the beam bump power supply
empirica1ly to reduce the beam loss.
It is only in recent years that large space-charge codes have been developed to study the
problem [6].  These have been produced in connection with heavy-ion fusion storage-ring
drivers where loss-less injection is essential.  For the space charge simulation, an initial orbit
bump is defined at the septum azimuth and a K-V a) distribution is assumed for the input beam.
After each revolution the orbit bump is adjusted to ensure that no particles are intercepted on the
inflector septum.
In a particular heavy-ion fusion example [7], five-turn horizontal injection has been
studied with ∆Qy  values of 0.2, nomina1ly.  The input beam emittance, pe  has a value of e  = 2
m rad.m and the tracking is continued for twenty turns after the injection of the fifth turn to see
how the resulting distributions evolve.  Results are displayed in Fig. 3 where a) corresponds to
the horizontal distribution after five-turn loss-less injection and b) to the distribution twenty
turns later.  The horizontal acceptance required to contain all the tracked particles is found to be
e  = 30 m rad.m;  in the nomenclature of expression (7), ε x = 3nεi .  A halo develops vertically
and all of the halo particles are characterised by having been injected during the first turn.  It is
not believed that these enhanced particle motions are artefacts of the computer code.  The
horizontal and vertical emittance dilutions are given in Fig. 4 as a function of the turn number in
the ring.  The final emittance is defined for this purpose as that corresponding to the matched
phase-space contours at a given location in the ring which contain a given number of particles.
Thus solutions for 100% and 98% contours are graphed.  There is evidence for strong non-
linear coupling resulting in a very dense core of the beam in the vertical plane.  The incoherent
vertical tune shift of some particles must have been sufficient to cross the nearest integer and
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 Editor's Note.  See I.M. Kapchinskij and V.V. Vladimirskij, Proc. of the Int. Conf. on High-Energy
Accelerators and Instrumentation, Geneva, 1959 (CERN, Geneva, 1959) p.274.
half-integer resonances.  If field and gradient errors had been included in the simulations,
significantly different distributions would have been expected for the core of the beam.  
Fig. 3  Distribution after 5-turn injection
(a) and 20 turns later (b)
Fig. 4  Injection emittance dilutions
It appears that multi-turn injection in the presence of space charge leads to highly non-
linear beam distributions which takes time to evolve to an equilibrium state.  Also, there results
a large aspect ratio for the horizontal-to-vertical semi-axis.  The use of simultaneous injection in
the horizontal and vertical planes has frequently been discussed but never realised in practice;
there is a difficult task of engineering a suitable septum magnet and the requirement of
simultaneous orbit bumps in the two transverse planes.  
As machines have pushed to higher and higher intensities, the consequences of beam loss
have become more and more important.  The practical alternatives have been to raise the
injection energy of a machine to reduce the tune shifts or to search for a scheme with a higher
injection efficiency.  Fortunately for the case of protons, the idea of multi-turn charge-exchange
injection appeared in 1956 and again in the 1960's.  
4 . H- CHARGE-EXCHANGE INJECTION
The development of intense H- ion sources together with the concept of H- charge-
exchange injection of protons came from Novosibirsk [8].  ANL adopted the idea and
converted the ZGS accelerator for such a scheme [9].  Following their success, H- injection has
become the preferred scheme for most high-intensity proton machines.  
The constraints imposed by Liouville's Theorem on conventional multi-turn injection do
not apply to charge-exchange injection since the stripping of H- ions to protons occurs within
the acceptance of the ring.  Because of this, it is generally possible to inject a large number of
turns.
Though it is possible to inject into a restricted area of the acceptance and allow the proton
density to increase with each succeeding turn, this method is not adopted (except in the case
when a small beam emittance is required).  For a high intensity machine, the aim of the injection
process is to fill prescribed emittances in the longitudinal and both transverse phase planes in
such a way that the resulting beam distributions do not lead to excessive space-charge forces.
Uniform 2-dimensional density distributions are impractical to achieve, but elliptical 2-D
distributions are considered acceptable as a design aim.  A variety of injection schemes has now
been tried or proposed to approximate such a distribution, and the resultant filling schemes have
come to be referred to as injection painting.  
The earlier schemes involved painting only in the transverse planes.  For example, in the
high-intensity synchrotron at the SNS facility [10], (Fig. 5), vertical painting has been achieved
by a programmed vertical steering of the H- beam in the injection line, and the horizontal
painting by the use of a fixed horizontal bump during the injection interval, while the
synchrotron sinusoidal guide field approaches its minimum value.  An additional feature is a
correlation of the proton oscillation amplitudes in the two transverse planes; small horizontal
amplitudes may be linked to large vertical ones or vice-versa or a range of correlated
intermediate amplitudes obtained.  Various distributions may then be devised, and the filling of
the phase space is more gradual than for conventional multi-turn injection, with improved use
of the phase space and more diffuse boundaries between successive turns.  After the injection
interval in SNS and while trapping is being established, the horizontal orbit bump is reduced to
zero within 100 m s to reduce the number of subsequent proton foil traversals.  
Later schemes have proposed combined longitudinal and transverse painting, and the
most advanced of these has been proposed for the TRlUMF KAON Factory Project Definition
Study [1l].  Some details are given here and in the following section and, though devised for
injection from a H- cyclotron to a proton accumulator ring, the scheme may also be adapted for
the case of a H- linac and a proton synchrotron.  The best arrangement for longitudinal painting
is when the injector provides only one or two microbunches per rf bucket per turn in the ring.
Often this is impractical to arrange, and the longitudinal painting must then allow for a much
larger number of microbunches per rf bucket.
At high intensity it is important  to minimise the number of proton foil traversals during
and after the filling process. This objective guided the KAON study, and the solution proposed
has come to be referred to as 'optimised H- injection'.  There is simultaneous painting of a11
three phase planes, commencing with small synchrotron, large horizontal and small vertical
betatron oscillations, and ending with the reverse correlations.  To achieve this optimally
requires:
–  momentum ramping of the injected beam;
–  shaping of the input beam phase space areas at the stripping foil;
–  use of a long-life foil with two free, unsupported edges;
–  removing from the ring unstripped H- and H°  particles;
–  providing appropriate lattice parameters at the foil;
–  merging H- and proton beams in a lattice dipole or horizontal bump magnet;
–  creating a programmed vertical orbit bump; and
–  establishing rf containing fields related to the H- beam pulse structure.
Fig. 5  Injection straight section for SNS
The lattice parameters and steering conditions to be satisfied at the foil are;
α yy + βyy' = 0,    α x x + βx x' = 0,    α x Dx + βx Dx' = 0   and   Dx ≠ 0
for all y and x where (y,y') and (x,x') are coordinates of the input beam centre relative to the
instantaneous values of the vertical orbit bump and the off-momentum closed orbits,
respectively.  The preferred solution is to obtain a double waist at the foil, α y  = α x  = 0, and
also to arrange for Dx = 0.  Additional constraints at the foil azimuth are:
αiy = αix = Dix = Dix
'
= 0     for the input beam and
Dx / βx = ε − 2 εixβix / βx[ ] / ∆p / p( )   for the ring
where ∆p / p is the maximum fractional momentum offset in the stripped beam,
αiy ,  αix ,  βiy'  and βix   are the a  and b  functions for the input H- beam at the foil,
Dix and D'ix are the dispersion functions for the input H- beam at the foil,
piεix  is the full 100% horizontal emittance of the input beam εiy = εix( ) , and
e  is the full 100% horizontal phase space area/p  of the final beam ε y = ε x( ).
The input beam is mismatched to the ring for both dispersion and betatron parameters.
Whereas the incoming beam is achromatic, there is finite ring dispersion at the foil, while for
the betatron motions [11], βx > βix  and βy > βiy.  Of the lattice constraints, the most difficult
condition to satisfy is usually that for the value of Dx / βx  at the foil.  
An approximately symmetrical arrangement of the injection elements, with the foil at the
centre position, is the recommended solution for meeting all the requirements.  It is very
desirable to have all the injection elements contained in one long region, free of lattice
quadrupoles, to form a 'separated' injection system.
For the KAON accumulator ring [11], there is a free region of 7 m between quadrupoles
to house the injection elements.  These include an injection septum magnet, eight orbit bump
magnets, four for vertical and four for horizontal deflection, a central stripping foil and a
downstream septum magnet for removing any remaining H- particles.  There is a common
septum type design for the four horizontal benders, the first of which is adjacent to the input,
and the last to the downstream, septum magnet.  During injection, the vertical bump fields are
gradually reduced to zero, but the horizontal bump is constant.  Subsequently, the circulating
beam is ejected, so the horizontal orbit bump may be retained, allowing dc magnet operation.  
The choice of a septum design for the four horizontal bumpers is to minimise the
separation between the injected and extracted ions and the circulating protons.  With the
proposed arrangement, the partially stripped H°  particles are able to drift downstream parallel to
the proton beam and self-extract via a hole in the yoke of the nearest lattice dipole magnet.  The
critical separation for the design is that between the H°  beam and the unstripped H- ions.  An
alternative is to introduce a second foil ahead of the downstream extraction magnet, for
stripping and hence extracting both the H°  and H- particles.  In this case, the critical separation
is that between the H°  atoms and the proton beam circulating nearby.  
An important difference between H- injection for an accumulator and a synchrotron is
that, for the latter, the horizontal bump has to be collapsed as acceleration commences.  A very
large pulsed power supply is required to achieve a fall time of approximately 100 m s.  The usual
arrangement is to connect the four identical bumpers in series and to power them with a
common supply.  
The use of an optimised injection scheme, with few proton foil traversals, is to reduce the
foil heating and shrinkage, to extend its lifetime, and to minimise the effect of the particle
interactions in the foil.  The interactions include inelastic effects and multiple and large angle
elastic scattering, with associated energy losses and possible beam loss resulting.  
The specified value of Dx / βx  for KAON is 1.27 m 1/2, but a larger value may be
required for a larger emittance, higher intensity ring.  An example is one of the options
proposed for a possible 5 MW European pulsed spallation source [12].  This option has three,
800 MeV compressor rings, with a specification for Dx / βx  of 2.7 m 1/2.  A different
optimised H- injection system from that of KAON is proposed in this case.  
The two septum and four horizontal bump magnets are replaced by one or two lattice
dipoles of appropriate bend angles.  There results fewer components in the region, simplified
mechanical engineering and a more direct exit route for unstripped particles.  This may be seen
from Fig. 6, which may be compared to that of Fig. 5 for ISIS (SNS) and the Figs. of Ref.
[11] for KAON.  A second advantage of the revised scheme is the improved periodicity.  The
large beam emittances require large horizontal and vertical orbit bumps in the foil region for a
KAON-type scheme, giving a pronounced periodicity-of-one effect.  In the revised scheme,
there is no horizontal bump, and the vertical bump is continually reduced during injection so the
basic lattice superperiodicity of the ring is gradually restored.  It is apparent that the magnet
lattice for the revised scheme has to be designed carefully about the proposed injection region.  
Fig. 6  Optimised H- injection
The foil thickness is chosen to give a high stripping efficiency without introducing
appreciable scattering and spread in beam momenta.  Typically, the stripping efficiency is 98%
with 2%, remaining mainly as Ho atoms, which have to be removed efficiently from the ring.
This presents no problem if the Ho atoms are all in their ground state.  However, there are
indications from the PSR ring at LANL [13] that many of the H°  atoms exist in an excited
quantum state and may strip to protons in the magnetic fields of the ring, becoming lost before
being removed.  The question arises on how best to design the injection system to minimise this
effect.  
Since Ho states of high quantum number strip at relatively low magnetic fields, it is
advantageous to have a field at the foil, as in the schemes where the foil is between two bump
or lattice magnets.  High fields are not allowed in the magnets or foil as they cause H- stripping
prematurely and also lead to the foil-stripped electrons spiralling many times through the foil
before reaching an electron collector.  The inter-magnet field has to be chosen carefully to
prevent the electron recirculation and consequent heating.  The use of a relatively low field in
the injection region produces different effects for the different quantum number (n) atomic Ho
states; for low n, there is no stripping, for high n, there is immediate stripping, while for n
values such as 4 to 8 there is possible beam loss due to some delayed stripping in the
downstream region.  The choice of the inter-magnet field levels is thus important, and whether
or not to have an inter-magnet gap at all..  
Foil thicknesses depend on the injection energy;  at 70 MeV, a foil thickness of
50 m g cm-2 is adequate, while at 800 MeV, this must be increased to 250 or 275 m g cm-2.
Stripping to protons involves the removal of the two loosely bound electrons of the H- ion.
Partial stripping involves the removal of only one electron, with the formation of a Ho particle.
A variant of the stripping process at high energy is to first strip to Ho particles in a magnet with
a high field and field gradient, then to inject the Ho into the ring, where they are subsequently
stripped to protons by a stripping foil.  This scheme is no longer favoured as it results in a far
from optimised system.  
Foil materials have usually been of polyparaxylene (ANL) or carbon (FNAL, LANL,
KEK, TRIUMF).  At ISIS, however, where a large foil area is required, 120 mm by 40 mm,
use has been made of an aluminium-oxide foil [10].  A technique has been developed that
produces the large foils with a thickness of 0.25 micron and with a support backing of
aluminium along three or two edges.  A photograph of the ISIS (SNS) foil is shown in Fig. 7.
A key item in an optimised H- injection system is the use of a foil with two free edges,
which allows some non-interception in both transverse directions.  The ISIS foil is separated
from its support along two of its three support edges, so it potentially has two free edges.  It
has been suggested therefore [14] that a suitable foil for the 800 MeV compressor ring of
Ref. [12] is the following.  Initially, an Al203 foil is made, supported along three edges, of
thickness 125 m g cm-2, which is two and a half times the thickness of the present ISIS foils.
Then, after separating a part of the central support to relieve stresses, the foil is folded
symmetrically to obtain the two free edges and an equivalent foil thickness of 250 m g cm-2.
Such a foil may be mounted on the side of the horizontal aperture of the ring, above or below
the median plane, so it may have a relatively small cross-sectional area.  
Fig. 7  Aluminium oxide stripping foil
Finally, some hardware details are given for the ISIS injection system, which is shown in
Fig. 5.  In the 5-m long injection region there are four symmetrical bump magnets, with ferrite
yokes and of a single-turn septum design.  The stripping foil is situated between the central two
magnets, and an input septum magnet is adjacent to the first bump magnet.  All four magnets
are joined in series and powered by a 1.2 kV, 13,000 A supply.  Diagnostics for
commissioning the system include beam toroids and scintillators viewed by TV cameras.
Different scintillators are used to view the input H- beam (stripping foil removed), the resulting
proton beam and the 2% H°  beam.  Construction of the delicate foils is described in the next
paragraph.  
ISIS foils are prepared in the laboratory from aluminium foil of purity greater than 99%,
thickness 127 micron, and a mirror finish with few rolling marks.  The 127 microns is
sufficient to provide a good support frame, and the avoidance of rolling marks is to eliminate
potential stress regions.  The aluminium is masked appropriately and then suspended in a weak
electrolyte for anodising of the unmasked surface.  Using a constant current source, the voltage
builds up as the oxide layer forms.  The current density is kept below 2 mA cm-2 to prevent
stress developing in the oxide layer and deposition is allowed to continue until a voltage of
190 V is reached, corresponding to a 0.25 micron layer.  Water is then expelled from the foil
by heating in a vacuum oven, after which the foil is placed in a 3% bromine methanol solution
until all the unprotected aluminium has dissolved.  This leaves the 0.25 micron oxide layer
(50 m g cm-2)supported by the surrounding backing material.  Finally, a flashing of aluminium
is deposited, and one of the long backing edges is removed by using a special clamp and slitting
one of the Al203 edges with a razor blade.  A refractory material such as Al203 is chosen to
withstand the temperature cycling at full intensity.  The H- stripping and subsequent proton foil
traversals cause a maximum temperature increase from 100° C to 260° C during the injection
pulse for a 500 m A average current.  This assumes that the stripped electrons are prevented
from recirculating through the foil by adjusting the fringe fields of the central bump magnets.
The lifetime of the foils is greatly increased by reducing stresses in the foil and a technique for
achieving this is to split the foil from its support backing along its entire lower edge and the
lower half of its back edge.  
5 . INJECTION FROM A CYCLOTRON INTO A SYNCHROTRON
A basic requirement is that the cyclotron is able to accelerate and extract H- ions.  For the
KAON Project Definition Study [11] at TRIUMF, a cyclotron transfers 452 MeV H- ions into
an accumulator ring which is filled over ~ 15 000 turns, during most of the period of repeated
50 Hz cycles.  The long injection interval puts severe demands on the injection system design,
the basis of which has been described in section 4.
There is simultaneous injection painting in the longitudinal and both transverse phase
planes.  Vertical painting is obtained with the aid of a vertical bump magnet system, and the
horizontal and longitudinal painting by a ramping of the momentum of the input H- beam.
There is an appropriate choice of lattice parameters at the stripping foil which is to be made with
two free unsupported edges, as has been discussed.
The average beam current to be accumulated is 100 m A corresponding to 1.25 1013
protons per cycle.  Computer simulations show that the average number of foil traversals is
reduced to about 50 by the use of the optimised injection scheme, assuming input and final
transverse emittances of aproximately 2.5 and 50 p m rad m, respectively.
6 . NOVEL INJECTION SCHEMES
These are mentioned only briefly:
i) The ZGS type of resonant injection scheme [2] employs a fast kicker plus bumper
magnets with dipole, quadrupole and octupole fields.  A separatrix results with two stable
regions, separated by an unstable fixed point; into one stable region beam is injected, in
the other are the previously injected pulses.  The fields are adjusted to merge the beams
after which the injection condition is re-established.  In principle there should be no
dilution of the betatron phase-space density.
ii) Stacking by means of radio-frequency fields [3] provides filling of the longitudinal
phase space.  The scheme has been used routinely at the ISR.  On successive cycles,
bunches are deposited at the stacking radius; particles already stacked are displaced to
make room in phase space for the newly arriving particles.
iii) Injection into muon storage rings [4] is envisaged as following pion-muon decay.  The
pion decay may occur in the injection channel or within one turn in the storage ring.  For
the decay to occur within the ring, the momentum acceptance should be greater than the
pion decay width and be matched to that of the injection channel.  A lithium lens and
matching elements are required.  Muons are stored for the muon lifetime after which they
decay to provide neutrinos.
iv) For the antiproton accumulator [5], each injected antiproton pulse is first subjected to
fast longitudinal cooling.  Then it is deposited by the RF system at the high momentum
edge of the stacked beam after which it undergoes stochastic cooling to make phase space
available for the next injected pulse.  In this manner 36,000 pulses are injected over a 24-
hour period.  Also required are two horizontal and two vertical betatron cooling systems.
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